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ABSTRACT

Geostrophic wind velocities were calculated using
atmospheric pressure data from Bering Strait stations at
Uelen (Siberia), Bukhca Provideaiya  (Siberia) and Nome
(Alaska). These velocities were matched to Strait see
ice displacements derived from satellite imagery (1974-
19S4), resulting in an all-westher  ice movement now-
casting model. Also, five ice displacement modes were
identified.

The first mode is Chukchi to Bering Sea movement
when northeasterly winds exceed 11.5 m/s. The second
and third modes are Bering to Chukchi Sea movement.
Mode cwo is driven by a preexisting north-flowing ocean
current during weak opposing winda. tlode three is due
to winds and currents acting in concert.

The firzt immobilization ❑ ode (maximum duration one
week) ia an apparent balance between r~r~herly wind
stress, water stress from the south, and internal ice
stresaee. The second. immobilization mode i8 due to
large, double, solid ice archea jamming the Strait up to
four weeks.

INTRODUCHON

Both northward snd southward aea ice movement
through tbe Bering  Strait csn be hazardous to oil de-
velopment in the northern Bering Sea (Fig, 1, see. for
most place names). This wind- and current-dependent
movement can be extensive from November to May and is
connected to dynamic interactions with sea ice in the
vicinities of St. Lawrence Island [~, ~] and Norton
Sound [~].

There have been numerous pspera since Li]e seventies
relating sea ice motion ‘and oceanic transport in the
Bering Strait to some type of ❑ eteorologic. forcing.
Sequential Landsat (National Aeronautics ar d Space Ad-
ministration, NASA) and DAPP (U.S. Air Force) imagery
was used to construct ice displacement vectors iss the
Strait [~]. A relationship between southwsrd  ice move-
ment and nottherly surface winds st Cape Walea waa
demonstrated. Anslyaes of National Oceanic and Atmo-
spheric Administration (NOAA) surface synoptic weather
charts ● xulained eoiaodes of alternatin~ south and north
aes ice ‘ motion ~5 ] and a~veral ext;ns~ve  southward.—- .--—.
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mavemen~s  [~]. Similar extensive southward ice move-
ments preceded by aea ice fracture, called “breakout, ”
were modeled [7] . .4n atmospheric pressure difference
from Cape Schmi~t (Siberia) to Nome (Alaaka)  exceeding
20 mb waa related to these events in the winters of 1975
and 1976. Atmospheric pressure differences (i. e.,
%ovideniya to Nome) were also correlated with oceanic
transport directions [~] . However, none of these dif-
ferences were true pressure gradienta, cequiring a
minimum of three simultaneous surface pressurea. For
example, the 20-mb pressure difference mentioned above
amounts to a geostrophic wind of approximately 15 m/s
frnm 40° only if the isobars are perpendicular to a line
joining the reporting stationa. It ia shown in this
paper that ice moves south through the Strait for a
suite of Seoatrophic  wind velocities often with Cape
Schmidt to Nome prcsaure differences less than 20 mb.

New evidence for the feasibility of predicting ice
movement from pressure-field wind calculation have been
demonstrated [~] . National Weather Service (NWS) syn-
optic pressure data waa combined with Fleet Numerical
Oceanography Center (FNOC) t.echniquea  to predict theo-
retical qsrface winds for the Strait. A high correla-
tion of oceanic transport to the meridional wind com-
ponent in two different current-data CO1 lection  years
was found. Unfortunately, this laat technique assumee a
uniform surface wind field vithin 300 km of the Strait,
which is highly improbable due to the preponderance of
aeawsrd propagating orographic effects in Arctic wintera
[101.-—-

The main study objective is to create a nomogram
for all-weather, short-term prediction or nowcaating
[~] of sea ice movement through the Bering Strait from
mesascale network [ 12, IQ] computed geos t rophic wind
velocities. The wa%d velocities are derived in a
straightforward manner using an atmospheric pressure
network encompassing the Bering Strait with three World
Meteorological Organization (wMO) reporting stations:
Ueien (’J, Siberia), Provideniya  (P, Siberia), and Nome
(N, Ahsks). The eea ice motion data were compiled from
11 yeaca  of dsily visible and infrared NOAA 3-8 satel-
lite image Lranaparencies.

Aa a by-product nf this study, three modes of ice
movement and two modes of ice immobilization in the
Strait have been identified and classified according to
major driving forces.
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Fig. 1 The surface pre&ure station network P-U-N (dashed trisngle)  covering
the Bering Straie region. P is Bukhta Provideniya, U ia Uelen (both in Siberia)
aasd t+ is Nome, Alaaka. The Diomede  Islands (D) are in the center of the Strait,
Cape Schmidt (S1 is below Wrangel Island, Cape Lisburne (C) ia north of Kotzebue
Sound, and Cape Wales (W) and Cape Dezhneva  (k) are on the tips of the Seward artd
Chskchi Peminaulae  respecti~ely. tfouneaiu  axes are shaded far emphaais.
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compute a geostrophic  wind for the Bering StraiC. The
accuracies of these pressure and temperature data from
Nome, a first-order weather ataeion,  are better than
*O. 25 mb and 21aC, respectively. The two Russian sta-
tions are part of a global network thae transmita  real-
time data to the Naeional Meteorological center (N~lC)
and are aasrsmed to be witiin these limiea also.

STOTIY  ASEA

e The Bering Strait’s oceanic cross aectiou is
roughly 8.5 km x 50 m and ita annual average tranaport  is
~. 6 Sv [~] to ehe north, attributed eo higher sea level
in the Bering Ses than in the Arceic Ocean [~, Q].
This relatively small azuiual  northward transport would
be five times greseer  if not for wind-induced flow
reversals eo the south occurring two to three times per
month and lasting six to twelve days [~]. Daily mean
trausport  can reach 3.1 Sv to the north [~] which im-
plies currents up to 70 cm/s, given the above cross-
sectional area. Current velocities of ehis magnitude
are indications that oceanic flow driven north or soueh
tends to be funneled (see Fig. 1) and accelerated on
entering the Strsit (15}.

The same fnssnell%g  applies to arctic winds in the
Strait, which tend to flow around ra tiser than over
topography [ 10]. The Chukchi and Seward Peninsulas have
small mountafi  ranges setting north to ess t snd north to
west respectively (Fig. 1 ) . Their elevation are at
lesse. equsl to 600 m, which is sufficient eo redirect
and accelerate air flow during winCer conditions [~] .
The Strait axis orientation was chosen to be 40”E from
the north for comparison with earlier work [~].

DATA

Geoatrophic Wind Data——
These daea were computed from the pressure and

temperature data urovided by the three  above weather
sea$ions. The a~oapheric flow waa asaumed to be in
geostrophic  balance, shown in Eq. (1):

VP
f(l$x YJ+~=o (1)

The first eerm is ehe Coriolis force, and the second is
the pressure gradient force. f is ehe Coriolis param-

eter (1.321 x 10-4 sec’1 ae 65°N), k ia the vertical
unit ector, VG is the geostrophic velocity vector, VP
is the gradiene of the atmospheric pressure, and P is
the air density. Using staeion grid (Fig. 1), pressure
csn be represented aa a function of latitude (Y) and
longitude (x) on a plane surface:

PN(x,y) = a% + byN + c

Pu(x, y) = axU + byU + c (2)

Surface Atmospheric Pressure and Tamperature
Barometric pree~a~educed  to sea level, and

temperature data taken simultaneously from Uelen
(66010’N, 169 °50’W) , Bukhta Provideniya  (64 Q26’N,
173 °14’W), and Nome (64 °30’N, 165 °24’W) are used to Pp(x, y) =s%p+byp+c
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Tlws subscripts N, U, and P denote Nome, Uelen, and
Providsfaiya,  respectively. Cramer’s rule can be applied
to F@. (2) to soIve for unknowns a, b, and c. Since
3P{a~ = a and aPfay = b,. the pressure gradient (VP) can
be computed. The geostrophic velocity (VG) can now be
calculated from Eq. (1) since f is known and p for dry
sir can be eetimated  from station temperatures.

Sta~ioei  errors of il°C (see abov,e) in temperature
can eauae errors of O. 34% in the velocity ❑ sgnitude
since they sffect p eetimates. Station errors in peee-
suse of M. 25 mb can csuse maximum speed errors kl. 4m/s

I and direction ● rrors greater than t15” for wind speeds
~ below 3 mis. Therefore, ac wind apeede $3 ❑ /s, wind
directions should noe be considered significant.

,$
,

~ Satellite Imagery
Tbe ice-motion data camp ~rimarily from visible and

infrared NOAA 3-8 VHRX (VMry High Resolution Radiometer)
satelli  Ce imagery. ~he infrared imagery was utilized

. mainly during December, January, and February when
6 dayiig&t  was minimal. To ❑ inimize errors due to the
~ earth ]s curvature,
I land mass.

the scale waa taken from the closest
The net 24-h ice motion was measured di-

reetly by tracking identifiable floee or indirectly by
measuring the change in ice edge location south or narth
of the Diomede Islands. A ❑ inimum of two days’ imagery
ia necessary to document a displacement with an error

0,
estimated at H km.- - - - - -  — . . . . .

~1
I

During the ice-covered months (November through
Hay) from 1974 to 1984, nearly 40% of the total obser-
vation daya were obscured by undercast. liowever, the
technique outlined below based on tbe remaining 60% of
the data, if repreeentative, will be an all-weather,
under cast-independent predictive tooI.

RESULTS WITR DISCUSSION

Conatructin& the Sea Ice Movement Prediction Nomogram— - —  —
Net daily ses ice displacementa derived from satei -

lite imagery have been ● xamined and compared to simul  ta-
neoua mesoecale  atmospheric preaaure network (HAPN)
compur.ed  VG’ e te produce an empirical nowcaat  nomogram
(Fig. 2 ) . Table 1 lists some of the events ueed in the
nomogram construction and classifies them according to
❑ ode (major driving force) and zone [net movement and
direction). The Greek and Latin letters from Table 1
are positioned in Fig. 2 t? :+present  an MAPN-computed

(direction [ from] and epeed as independent vari -
%les). The sma LI center circle represents VG’s with
speeds less than 3 mfs. Due to measurement errora and
the minimal effects on ice motion at these low wind
speeds, V

P
‘s within this circle should be considered as

approxima ely zero winds. V40 (ace Table 1, definition
B for sign) represents the V component parallel to the
aesumed  Strait axis, 60° t+om north. This axis ia

.,iaylicated  by ice movement direction arrows that meet in

I
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Fig.  2 .

- - - -
The Sering Strait aea iSe movement prediction nomogram with Gceek and Latin letters

representing sample HAPN-computed  VG’ s used in ita construction (eee Table 1). The Strait axis
ia 40° from the north and haa ice movement arrows meeting in the  Zero Net Ice notion Zone. The 1

center solid-line circle ia the :3 m/a wind-speed zone and it represents direction uncertain-
ties >15°.
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TAMS  1. Selected net sea ice movemen’e (1) events for the Bering Stxai~

1 Mode 1.

,
Mode 2.

‘~
,.. ,

:!

Hnde 3.

:1
,’

Mode  b.

plotted in Fig. 2. ,

Into Bering Sea (wind-forced), winds opposed  to normal ocean
current direction.

a. I > 20 Ion/day Zone (V40 > 16.5 mfa)

Events: Y(14,15 Apr 82), 2(14,15 Mar 82)
Y(I7 Feb S1), A(17 Jan 83), A(I1 Feb 84)
$(6,7 Mar 78), 41(27 Dec 76)

,~

b. I < 20 Ion/day Zone, [11.5 mfs < V40 ~ 16.5 m/s)
.

Events: U(IB Feb 84), X(I9 Feb 83), N(1I Hay 81)
V(22 Feb 76), W(27 Feb 79), M(2 Hay 77)

Iuto Chukchi Sea (oceaa curreat forced, weak wiads oppose turrent i,
directioa). .

a.

Into
same

a.

I < 2(I h/day Zone, (O mjs < V40 ~ 7.5 ❑ /a),

Kveaes: K(9 Apr 82), R(7 Dec 76), T(3 Hay 84)
Q(25 Feb 79), 1(23 Jaa 82), Z(21 Mar 7S)

Chukchi Sea (major forces are ocean curreat aad wind in the
directioa)

I > 20 km/day Zone, (VAO < 0 ❑ /s), see Definition B
below for dikectiou. ‘- -

Evea~s: G(8 Apr 82), f3(6 Feb S2), il(~ Feb 82),
“ P(22 Mar 78), 0(31 Jan S1), UI(24 Feb 82)

A(IO, II Feb 79), B(16, L7 Fcb 79), C(1,2 Feb 76)
11(27,28 Feb 76), E(5 Hay S4], F(2,3 Mar 82)

First immobilization mode, oce in current aad wind ia
opposition  (reepeceive stresses apparently ia. balaace)

● . Zero Net. Ice Hovemeat  Zone (I = O)
(7.5 mla < V49 ~ 11.5 m/s)

Evenes: J(23 Har 82), S(21 Feb 76), H(24 Jaa 631
L(2I Apr 81), 0(11 Apr 78), P(2 Apr 78)

,,,:,.
t

I

I

Def iaitions:

[
A.

— _ _ _ _ _
v,~ s VG speed component parallel to Strait axis 40”E from north (Fig. 2). —. .:.

I > 310° or < 130”

)
I

3
V,d :

. .
B.

i
If VG direekion  Z =

\ 13::0: ;; : ;:$ k< o

I I #
:. . . . . . . ..-. .— . . ..-. .—. — .———
the Zero Net Ice Hotion Zone, one of five zones defined
by wiad-speed ranges along the V.. axis. These aomogram
zoaea are used to characterize ehree motioa modes and
one immobilization mode in the Serait. A fifth mode,
though not yet predictable, was a discovery of this
procedure aad will be discussed later.

?!ode  1 contains two zoaee of wind-forced aea ice
movement into the Bering Sea which iaitialiy must offset’
a northward-flowing ocean currene [~, Q] . The thresh-
old for southward movement. is a V40 exceeding 11.5 min.
The bouads oa V40 for each zone are shown in Table 1 and
Fig. 2. The >20 Ian/day Zone conditions would push an
amoune of ice into the Beriag Sea sea approximately
equal eo double the area of St. Lawrence Ialaad for five
daya. Examples of node 1 occurred 11, 20, and 27 I)e-
cember 1976, during total ice cover whea the Bering
Strait ocean currene at 10 m from the bottom awieched
from north to south [~] . The average HAPN-computed VG

I - . .  . —  - .- —- -—
during these three cases wae 29 m/a from 61° ($, Fig.
2), The 27 December 1976 event, with clear satellite
imagery, showed net southward Strait ice movement of
23 km.

Mode 2 iacludes oaly one nomogram zone. Sea ice
movement ia aorthward into the Chukchi  Sea, and this
❑ ode is ocean current dominated with minor opposing wind
iaf luence. The northward movement represented by the
ICE INTO CHUKCHI ZONX with O m/s $ V40 ~ 7.5 m/s, i, uue
to a preexisting aorthward-flowutg  ocean curreat that
owe rpowers  the weak opposing wind. A V approximately
60% of V,. [7.5 m/s) ia 4.5 m/s or ehe lill~  equivalent of
a gentle breeze. Nevertheless, the net northward sea
ice movement is reduced to less than 20 km/day. This
current appeara to be a combination of residua i cent ri -
butions [~] from the Bering Sea eide and a permanent
dowmward aea level slope [~] from the Beriag toward the
Ctaukchi  of steric origin [Q].

., .,.,
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Mode 3 includes the ICS INTO CHUKCNI >20 km/day
ZONE with V,. ~ 0. The wind and water atresa are in the
same direction. All wind speeds in this mode produce
nortiward ice motion adj acenc to Norton Sound and
Chukchi  sea ice inj ectiona of double the SLI area in
five days. However, higher wind-speed events (> 5 m/a)
“have mmnetlmes  produced less net ❑ ovement than the
low-wind- speed or current-dominsted  events. The nOmo-
grsm breakdown of the net daily aea ice motion into
20-km slots despite satellite imagery displacement
accuracy of ti km is a result  of this phenomenon. This

~ indicates that opposing  incernsl  and boundary ice
stresses may play an important role at higher wind
speeda.

Hode 4 ia one of zero net ice movement, usually
lasting less than one week ~ with 7.5 mia ~ V40
~ 11.5 m/a. The primsry  force balance in the Strait
ares is between the wind streaa  pushing ice. south and
the water stress pushing ice north. The relative
magnitudes of the opposing surface wind stress (Ta) and
water stress (T..) are quite comparable and add credi-

~ bilitv to the no%nuram design (se~ Aooendix A).
1, ‘ - - “- ‘- ““’””
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Fig. 3. Orographic effects on surface wind
velocities deapice a well defined isobaric
pattern (da8hed lines). The numbers adjacent
to aitea ace surface preaaures  in ❑ b minus
1000, unless the number ia grester thao 60,
then pressures are in mb minus 900. Surfsce
wind speeds ace ~5 ❑ /a for ● ach perpendicular
flag, ~2.5 m/s for alsnt flaga, and “4) for a
circle (i. e., .N). The stations shown are
Provideniya  [P], Uelen [U], Home [N],
Kotzebue  [Kl, Point Lay [L], and Cape Schmidt
[ s ] . The MAPN-computed  VG ia ahowo by the
arrow?
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0’Wls S& Nomwam
Simultaneous surface-pressure snd temperature data

from Uelen, Provideniya,  and Nome for 00 and 1200 GMT
should be available to the user less than three hours
after recording at the respective stations. These data

gN’  p ‘ P ) can be combined with Eqa. (2) to solve for
/ic ?enaity (p) is approximated using a three-

station average temperature and the equation of state
for dry air, p a P/RT. P is the standard sea level
atmospheric preaaure (1013.3 mb), R is the gas constant,
and T is the abaoluce temperature. The solution for VP,
p and VG csn be obtained from Eq, ( I). The VG for 00
aqd 1200 GMT %re combined to obtain an average velocity
( vG) . Once VG ia known, the two necessary independent
ySFi9blea  speed (radius vector) and direction (vectorial.—-. —- .. ---- .

>1

angle), can be plOtted  on pnlar-coordinate  graph paper
with the onrnog~~~ $iy$ yind - aP?S?g2 and ~40 axis
superimposed. For example, using data from Fig. 3,

‘N = 999.4 mia, Pp = 1008.0 mb, PU = 1011.3 mb, and sn
average temperature of -5°C (not shown), V = 23 ❑ /s
from S6. S0 (ace arrow). Plotting this value &) on Fig.
4 (bottom) and drawing s perpendicular from the V40 axia
to X predicts nec ice movement >20 Ium/day to the south.
The net ice movement obtained from aacellite  imagery was
45 km south.

/
Testing the Nomogrsm Technique I

1
HAPN advantages over other techniques. Figure 5.—

demnn~tes the NAPN advantage over both pattern recog-
oitiors  and NMC synoptic analysis. A type oi “relaxed” !
atmospheric pressure field has exis :erl for fouc days, I
which from pattern-recognition au.lyses [~] denotes I
probable northward ice movement. Nowever, the MAPN- ~
calculated geostrophic  wind velocity indicstes that the ~
“bra kea” are being applied to northward sea ice ❑ eve-
ment. The 1200 GMT, 25 tlarch 1978 VG waa 11.0 m/e from
750, and the average VG for the next 12-h period was I
12.4 mla from 68.4°. The net ice ❑ nvement switched from
north to 6 km aauth by 26 tfarch.

The effects of orography are striking, even with a
well-defined surface pressure pattern as demonstrated on
5 April 1983 (Fig. 3). The large variati?na  in dicec-
tion and speed of surface winds at P, U, and N are
evidence that previous attampta [~, ~] to correlate
10CS1 winda with ice movement or ocean current direction
in their vicinity met with limited aucces a.

These above examplea show alsn the dsngera of using
pure synoptic analyaes to derive the surface wind field.
In their most recent work [~] , an error is made by
aaauming the derived surface wind field to be uui form
within 300 km of the Strait.

NOAA satellite imagery. A time period having 23
conae~ve undercast- free days (6-2A April 19S2) waa
chosen to test the accuracy a f the HAPN  and oumogrmn
pcedictiona. -The numbers 6-2S are April dSLe8  dud
rep resent the VG posi tiona combining the 00 and 1200 GMT
VG’a on those days (Fig. 4, bottom). If the wind direc-
taon changed by ❑ ore than 90° in 12 t, and/or the change
reversed the direction of ice motion, no prediction
wnuld be made. If any of the three network star.ioas
failed co report at either the 00 or 1200 ONT time
periods, then the closest - available s~ultanenus time
periods were used for the VG. Figure 4 (tap) shows the
nec sea ice movement in km derived from satel-
lite imagery fnr the corresponding days. Allowing for
the error bounde on the imagery (*5 km) and che
VG (*1.4 m/a), ckr nomograra  technique failed in only 2
caaes out of 23 and waa 91% correct.

The firaL csae wes 12 April 1982 where a VG of
14 ❑ /s from 22° produced 36 km of actual southward lce
movement instesd of the <20 km south predicted. The
second case on 25 April 19S2 had 16 km net northward sea
ice movement shnwn on the satellite imagery. The HAPN
VG of 10,2 m/a from 31.4° predicted zero net motion.

~ drift ~. The nomogram ?.echnique *aa ap-
plied in h~st fashion to recent kuoy drift data in
the Strait area [19!. Though this J.ata ia of a differ-
ent type than the satellite imagery, the tlAPN prediction
waa correct for 33 of 39 days or +85%. The present tlAPN
does not include corrections for conditions of rapidly i
changing atmospheric pressure (isallobaric effect) or
caaes where tbe isobaric radius of curvature is less
than 300 km [2QI. These refinements can be built into
the wind-veiocity  calculation and on application to the
nomogram appear to increase the accuracy ‘+5%.

. — . . -------



.

●

✎

0

I

pLr ~
e ICE INTO CHUKCHI

N 20 d

(KM] O )
7

\

------- . ------ ----- ---------- --- STRAIT

9

I

20

40 v
ICE INTO BERING

-

ZERO NET ICE MO-.

0 0 /

210

LUN6

INTO CliUKCHl
ZONE

ICE INTO CHUKCHI > 20 KM/DAY ZOfiE 1s0
—

Fig. 4. Satellite image~ derived ice displacement (top) co~axed to HMN 6G’ s for 6-28
April 1982 plotted with corresponding day numbers on the sea ice movement pred~rtfon nomo-

gram (bottom). The ❑ umber positione represent wind velocity vectors whose V40 components
define the daily predicted ice movement zone. X is .s sample V

%
calculated from surface

preaaure data in Fig. 3. Drawing a perpendicular line from X to t ● Strait axis results in
a V40 = 22 mie. This ia the Ice Into Bering >20 km/day Zone.
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Sol>ct,  Double Sea Ice Arches (Hode 5)

.,

The double aea march repreaenta the longer
duration second mode of ice insaobilization.  Only five
caeee (a poaaible sixth waa noted on Landsat Data for
5 April 1976) have been found in 11 years of sea ice
satellite data. A photograph ❑ ade from a satellite
image (Fig. 6) taken 5 Hay 19S0 ahowa the characteristic
solid, double ice arch using the tip of the Chukchi
Peninsula (Cape Dezhneva), tbe Diomede  Islanda, and the
Seward Peninsula tip (Cape Walea) as anchor pointa.
Since the image chosen wae taken 21 days. after the
. ..-— . . —----
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archee formed, it appears that it was not cold enough
for new ice formation and tbe presence of arches pre-
vented reeupply  by old ice ‘advection from the north.
These arches are not the arched fractures seen in sea
ice during failure modes [~, ~] but evidently represent
strong impedimenta to southward sea ice movement (eee
Appendix B for detaila). Aa evidence of the lack of i
fractures in the ice canopy during the solid-arch phase,
the above (14 April to 10 May 1980) period represented a
halt in whale (Bowhead) migration thrOugh  the Strait
(Huf ford, 19S4, Natioqal Weather Service, Anchorage,
pers. Comm. ).
-. - . . —  ..— —.
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The double arches were discovered indirectly
through  fs  ilure  of the nomogram predictaoa  -s ys eetn. In
sI1 doubie-acch  csses, the nomogrsm  with V from the
MAPN peedkted greater than 20 km/day of necG ice move-
ment into she Bering for ae least 50% of the arch pe-
riod. There were several V,.’s as high as 26 mls with
raa ice movement. In additioa, the greater than 20 mb
pressure difference iee breakout criterion [7] from Cape
Schmidt so !?ome waa exceeded at some time du;ing  all che
clquid~-amti  periodg. . — .  . . — .
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“’ Fig. 5, An example of the advantages of the’

tlAPN analyaia over both pattern recognition
and NMC surface isobaric aaa lya i a. The
station~ surf ace pressure, flag, and
designations ace as in Fig. 5.
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SUHtlARY AND CONCLUSIONS

The combination of NAPN-calculated Vfi’s with Khe
nomogram provides au all-weneher  Bering St”rait  sea ice
movement nowcasting capability with an accuracy of
approximabdy 85%. The UAPN improvement aver NMC
surface p r e s s u r e analyaes and pattern-recognition
techniques haa been demonstrated. This study, Lhough
meteorologically oriented, has also shed light am ocean-
ographic phenomena.

I
Sea Ice Movement tladee

I— =r- =ce ❑ ovement wege found. ‘The first
is a southward atmaapherically forced ❑ ovement into the ]
Bering Sea requiring a V$o > 11.5 m/s to offset a pre- f
existing north-flawing ocean current. The second mode (
is current-forced movement into the Chukchi Sea off- f
setting weak opposing synoptic winde (V40 < 7. 5m/s).  The ‘
third mode ia usually large northward ‘ice mOvement  ~
(>20 !an/day)  under the influence of ,southwest  winds and ;
a north-flawing ocean currept. f

e

Sea Ice Immobilization Modes— .
There were two ic=mobilization  modes found in

i

the Strait. The firet is an apparent balance between
wind stress from the north and a. current-induced WaLer
stress from the south. This mode is short term, usually
lsating less than oae week. The second mode. .WSS found
only 5 timee in 11 years. Double, solid sea ice arches,
made poaaible  by the Diomede Ialanda anchoring their
❑ iddle column, were the apparent cause. A theoretical
eecimate  of the double-arch strength ahowed the ability
to withstand the VG’ a generated during che arth pe-

riods. This longer-period irunobilizatiom  mode (up to
four weeka) can hinder spring whale migration into ~he
Chukchi and sid in opening up the region below the
Strait aa well as NQrton Sound.

— -

—

I

Fig. 6. A photograph made from a satellite image taken IfaY 5, 1980. ahowin6
the characteristic solid, double ice srch in the Bering Strait. There is a

I

large expanse of open water (OW) south of tbe Strait, south of the Chukchi
Peninsula and in Norton Sound. I

-.— . . . . .
~
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APPENDIX  A

Comparison of Wind (za) and Wae.er  (Q Stress—— ——

Ta = paCa (Ua “ra)* (Al)

tw = pwcw@w (AZ)

where (using values typical of the Serait conditions)

pa : deneity of d~ ais at -20°C * 1. b !sg/m3

Ca = 10 m drag coefficient [2J] for air/water
%3 x 1~-=a

tla z average wind speed in the Zaro Net Ice tfoeion
Zone *M3 mls

ra s saeio of mtrface wfad sped (10 m) to the
calculated geostrophir  V4 ad ‘uO. 6 for arctic
condition2 [~] .

i P w
s density of waeez at OeC * 1 K 103 Icglma .

. . . .-. ,----- ,
fiw s 2 m msg  coefficient [Z3j for zcepaeer

% IS x 10-~
Llw s current speed due only to tidal residuals in

the Bering Strait area 4.1 ❑ /s [17] . This
assumes Khae the usual sea surface dope
downward co the north [~, 13] driving the mean
flow ia all bait eliminated by a V,. of 10 m/s.

AfGer inserting theee values in Eq. (Al) and Eq. (A2):

ta = 0.15 N/ma; r = 0.16 N/mz

w

APPENDIX B

Estimating A- Seren@hs
Vork by Sodhi [ 2 ] will be used to show the reason

for double arch exiat&ce despiee the strong MAPN winda.
Figure 7 ia an enlargement of the Serait area from
Fig. 6. The daahed curves differentiate the sea ice
archee from the coaaeal boundaries and che dark areaa
are open water. The single-arch SLZeQgth  can be

— a — -

estimeted  by comparing the arches in Fig. 7 to the insee
drawing. The span wideh (2A) of the arch from ehe
Diomede Islanda to the Seward Peninsula is 43” km and
from ehe Chukchi Peninsula to the Diomedea  is 37 km.
The width of the Diomede Island blockage zone is 7 km
[J. The ● astern arch (Diomede Ia landa-Seward  Penin-

sula) has a e * 80° while the western arch (Diomede
Iaianda-Cbukclsi  Penineula) is ❑ ore irregular with an
average S of *80° also. From Eq. (Bl)

where + s sngle of ineernal friction

+ ia estimated as 70° for both archea. Next Eq. (B2) ia ;
used eo salve for K as defined by Eq. (B3). .

A=$ (1 + ein $) (52) !
K

r
“2=pcv (733) ,

Here [~1:

A s half apan width (m)
c 5 cohesive strength (N/m)
z s net stress per unit area (N/m2)

(wind and water stress combined)
p s maaa density of medium (kg/m3)
C s drag coefficient (unielesa  )
V s wind velocity (m/a)

“Cohesive strength (c) for Amundaen Charnel (Beau-
fort Sea, JUe) Saa ice in a solid arch was eseimated
;~ Eq. (B2) and Eq. (B3) at failure to be 1993 N/m

The net atresa (T). applied tO this arch (zero
w;ter acrees aaawmed) waa calculated using a typical
10-m air-ice drau coefficient of 1 X 10 3 for C and
local winda for V: Recene Bering Sea work [Q} shows C

..-. . . —.—.

I ,

.;*

“1..-. “ ~ !t”)dSi?WARO PENINSULA , ●, . .

Fig. 7. h enlargement of the Stra”it area taken from the Fig. 6 photograph.
The dashed cuzvee show the actusl “sea ice srches to avoid confusion with land
boundaries. The large dark area is open water. The inset (cop) is a sketch of
an idealized free arch ahowing the apan width (2A) and the angle (e) between
the horizontal and tangent eo tbe free surface.
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to be three times the Sodhi [g] estimate resu3tiag in
c = 5979 M/m as the cabesive  strength of sea ice at
fa~lure. Givsna this c, ?,aking  $ = 70°, and A * 20 x
10 IS (double archea) aad substituting into Eq. (B2), t
(nee) = 0.58 NIQ2.

Remembering that watee atresa generelly  oppoaee
wind northerly serees S t ia estimated to be -0.16 N/m2

from Q. (A2). The air s%resa Ta ia calculated from Eq.
(R4):

t =%a*zw (B4)

, Therefore x
a

= (0.58) - [-o.16)  = 0.74 N/m*.

“i Hence from Eq. (Al)

IJ = 23 mfs = V40 on the nomogram axia.
a

t VG converts [22] to a surface wind speed of 13.8
, mls. Thus speed occurs leaa than 10% of the time [~]
f ac Tin Ciey (near Cape Walea, Fig. 1). The estimated
1 V40 value of 23 ❑ la is close ta the ❑ aximum V40 of 26
~ da calculated for three of ehe arch caaea. The
. cohesive-strength estimate used here could hsve b==n
alighely  larger since no evidence of arch breakup duFing
the these winds existed. The observed manner of double
arch destruction ia a relaxation of the aortherly  winda
and a switch to pure water stress or combiaed wind and
war..er stress from tbe aauth.
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